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Summary

As underground hydrogen storage (UHS) is expected to play a key role in future renewable energy
systems, understanding the potential geomechanical risks, such as induced seismicity, is essential.
Therefore, this study aims to assess the probability of induced seismicity associated with the prospect
of large-scale UHS plans. We commence by developing simulation models with increasing complexity,
starting from the basic characteristics of the salt formation, salt cavern, and operational conditions, and
progressing to the inclusion of structural features within the salt formation as well as in the overburden
and sideburden. A 2D finite element simulator is used to incorporate deformation and simulate creep
behaviour, which is subsequently coupled with a rate-and-state Coulomb threshold model to compute
the seismicity rate from stress changes. The developed framework accounts for the geological and
mechanical characteristics of the heterogeneities that influence local stress fields, allowing us to identify
conditions that may increase seismic risk or enhance stability.
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Probability of induced seismicity associated with large-scale underground hydrogen storage in
salt formations of northwestern Europe

Introduction

In recent years, there has been a strong push to transition from fossil fuels to sustainable energy
resources to achieve a net-zero emission energy system by 2050. Future energy systems will likely
depend heavily on intermittent renewables such as wind and solar, requiring solutions to balance
supply and demand (Zivar et al. 2021). Large-scale underground hydrogen storage (UHS) in salt
caverns offers a promising approach to provide seasonal balancing, manage bulk energy, and enhance
strategic energy security (Juez-Larré et al. 2023; Kountouris et al. 2024). However, UHS in salt
caverns comes with potential geomechanical risks, one of which is induced seismicity (Foulger et al.
2018; Muntendam-Bos et al. 2022).

Induced seismicity associated with salt caverns is often linked to cavern instability or collapse (Ford
and Dreger, 2020; Kinscher et al. 2015). However, micro-seismic events have also been recorded
during regular leaching and storage operations. In such cases, seismic monitoring serves as a near
real-time risk assessment tool to manage and maintain cavern integrity (del Potro et al. 2016; Fortier
et al. 2019, 2015; Renoux et al. 2013; Shemeta et al. 2013). In areas under evaluation for hydrogen
storage in salt caverns, ongoing monitoring has revealed frequent low-magnitude seismic events (—2.0
< Mw < 1.0), although the underlying mechanisms are still not well understood (Bosq et al. 2020;
Muntendam-Bos et al. 2022). As interest in UHS grows, increased activity in salt caverns is expected,
highlighting the need to better understand the causes of observed seismicity and assess the potential
for induced events related to expanding UHS operations.

This study aims to assess the probability of induced seismicity associated with large-scale UHS
prospects. We seek to analyse and quantify the mechanisms behind seismicity induced by salt cavern
leaching and cyclic operation by: (1) developing representative, yet simplified simulation models
based on salt formation characteristics, cavern geometry, and operational conditions; (2) incorporating
additional complexities such as intra-salt layers, overburden, irregular cavern shapes, and pressure
variations; (3) quantifying stress and deformation evolution; and (4) applying a rate-and-state
Coulomb threshold model to assess seismic activity. In the absence of rigorous studies specific to rock
salt, we adopt the rate-and-state Coulomb threshold model, originally developed for porous rocks, as
an initial step toward a comprehensive, full-physics analysis for rock salt.

Method and/or Theory

We use observations from existing leaching and storage caverns in the Netherlands as a starting point
to understand the geological and operational conditions relevant for future hydrogen storage. In
northeastern Netherlands and northern Germany, the rock salt formations of the Permian Zechstein
Group are particularly suitable for this purpose (Caglayan et al. 2020). Most caverns in this region
have been developed in the Z2 and Z3 halite layers within salt domes and pillows. The Z2’s primary
thickness exceeded 500 m and is subdivided by thin anhydrite/polyhalite beds. The Z3 comprises a
claystone-carbonate-anhydrite-halite sequence, with anhydrite layers reaching up to 45 m (Strozyk et
al. 2017; Van Gent et al. 2011). These insoluble layers can complicate cavern development by
affecting drilling operations, cavern shape, deformation behaviour, and local stress fields. Although
these features pose engineering challenges, the high solubility and mechanical properties of the Z2
and Z3 halite continue to make them favourable targets for the creation of salt caverns (Wong et al.
2007).

While these formations offer favourable conditions, internal heterogeneities like anhydrite and
carbonate layers add complexity and may contribute to induced seismicity. Smit et al. (2024)
proposed several physical mechanisms that may cause seismic events near salt domes with active
storage. These include fault (re)activation in the overburden and underburden, upward force from the
dome’s rising movement, velocity differences due to internal heterogeneities such as anhydrite
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floaters, and operational triggers like cavern collapse, roof rockfalls, pressure and temperature
changes, and irregular cavern shapes.

To investigate these mechanisms, we use a 2D finite element simulator (Ramesh Kumar et al. 2021;
Ramesh Kumar and Hajibeygi, 2022) that accounts for non-linear primary and secondary deformation
to simulate salt creep. It includes both dislocation and pressure-solution creep, the latter being a key
deformation mechanism at low deviatoric stress levels (typically below 5 MPa), relevant to UHS
(Rowan et al. 2019). The simulations are done to obtain the deformation (strain) field over time
(Hondrio et al. 2024; Hondrio and Hajibeygi, 2024). From these deformation data sets, stress changes
are computed, which are then used to compute normal and shear stress variations. Coulomb stress
change is then calculated and used as input into a rate-and-state Coulomb threshold model (Heimisson
et al. 2021). This model computes seismicity rates based on time-dependent stress evolution, (fault)
activation thresholds, and fault orientations. Note that to keep the simulation model simple, faults are
not explicitly modelled in the simulation framework. As such, the stress-strain fields are obtained
assuming no fault exists in the geo-system, and then after for every fault, the stress is projected into
the normal and tangential directions to the fault plate.

Systematic simulation models have been developed to explore the seismic response surrounding salt
caverns under various geological and operational scenarios. The reference models consist of
cylindrical caverns at varying depths in homogeneous halite. These are then expanded to incorporate
geological heterogeneities typical of Zechstein formations, such as overburden, sideburden, and brittle
or ductile intra-salt layers, as well as operational factors like irregular cavern geometries and pressure
cycles. Cavern pressure has been simulated across key operational stages: initial solution mining,
subsequent brine discharge, two years of cyclic hydrogen storage/production, and finally a slow return
to 100% lithostatic pressure (i.e., representative of the abandonment phase). These simulations aim to
realistically represent the pressure variations experienced during typical cavern operation lifetime
(Pajonpai et al. 2022).

Sample section

Figure 1 presents conceptual reference models. In Figure 1a, a simulation setup is shown with a
cylindrical cavern embedded in homogeneous halite. The operational cycle, shown in Figure 1b, is
applied to the cavern wall, with pressure expressed as a percentage of the lithostatic pressure. The
cycle consists of one year of solution mining, one year of brine discharge at constant pressure, two
years of annual hydrogen injection and production cycles (at 60-80% of lithostatic pressure),
followed by one year during which the cavern pressure is slowly returned to 100% of lithostatic
pressure. This configuration is not intended to represent a specific real-world cavern but serves as a
generic test case to explore seismic responses under controlled conditions.

Simulation model Operation cycle Cumulative seismic events
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Figure 1 Reference model setup and resulting seismicity. (a) Simulation model with a cylindrical

cavern embedded in homogeneous halite at 600m depth, (b) applied pressure cycle, consisting of
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solution mining phase, brine discharge, cyclic injection/production and return to 100 % of lithostatic
pressure, and (c) cumulative number of seismic events.

Conclusions

As hydrogen storage in salt caverns becomes more important to future energy systems, understanding
the risk of induced seismicity is essential. To achieve this, we use a numerical modelling approach
that combines a finite element simulator with a rate-and-state Coulomb threshold model, to explore
how geological features and operational conditions influence stress evolution and seismic activity.
The framework helps identify conditions that may elevate seismic risk or, conversely, offer stability.
The full results and analysis will be detailed in forthcoming work.

While the developed framework is presented for a simple cavern, it is worth highlighting that the
simulator and the seismicity assessment model are generic enough to incorporate any level of
heterogeneity and complex cavern shapes. Specifically, they allow for the incorporation of non-halite
porous layers, which can act as shear zones. Depending on the geological and mechanical
characteristics of the heterogeneities, the strategy developed in this work can be used to identify zones
with a high probability of seismicity and to design appropriate monitoring schemes for careful
observation during operation.
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